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Abstract: Silicon quantum dots (Si-QDs) with luminescent downshifting properties have been used
for the efficiency enhancement of solar cells. In this study, Phenylacetylene-capped silicon quantum
dots (PA Si-QDs) have been fabricated and applied as luminescent downshifting material on poly-
crystalline silicon solar cells, by dropcasting. The PA Si-QD coated solar cell samples presented an
average increase in the short circuit current (Isc) of 0.75% and 1.06% for depositions of 0.15 mg and
0.01 mg on 39 mm x 39 mm pc-Si solar cells, respectively. The increase was further enhanced by full
encapsulation of the sample leading to overall improved performance of about 3.4% in terms of Isc
and 4.1% in terms of power output (Pm) when compared to the performance of fully encapsulated
reference samples. The PA Si-QD coating achieved a reduction in specular reflectance at 377 nm of
61.8%, and in diffuse reflectance of 44.4%. The increase observed in the Isc and Pm is a promising
indicator for the use of PA Si-QDs as luminescent downshifting material to improve the power con-
version efficiency of pc-5i solar cells.

Keywords: luminescent downshifting; pc-Si solar cells; phenylacetylene; silicon quantum dots

1. Introduction

Solar cell efficiencies are continuously updated with new generation solar cells reaching
improved efficiencies [1]. However, there is a constant effort in exploring solutions for im-
proving further the efficiency of the mature technology of crystalline silicon cells. Crystalline
silicon solar cells, sc-Si, and pc-Si exhibit high EQEs in the visible/near-infrared (NIR) region
(430-1000 nm) of the incident solar radiation [2,3]. Their spectral response peaks between 850
and 950 nm at >95%, while it is reduced between 20%-55% in the range of 300-500 nm [4].
With the largest portion of spectral irradiance ranging between 300-700 nm (at sea level
AM1.5), it is bound to lose 149 W/m?2 of the incident 1000 W/m?; for reference, the usable frac-
tion of the solar spectrum by Si solar cells amounts to less than half at 468 W/m? [5].

Advanced solutions including the use of additives such as luminophores, and solar
converters, such as dyes, luminescent downshifting (LDS), and upshifting devices have
been proposed, including the application of quantum dots (QDs), and luminescent solar
concentrators, to better match the spectral response of pc-Si solar cells to that of the solar
spectrum [6]. LDS involves the conversion of one high-energy photon into a lower-energy
one where the spectral response of the solar cell is higher and can be more efficiently ab-
sorbed by the solar cell. LDS is considered a subcategory of the quantum process called
down-conversion (DC). The first attempt in exploring the use of DC to split a high-energy
UV photon into two visible light photons was carried out by Dexter in 1957 [7]. DC can
be achieved by the use of host materials (lattices or ions) to achieve quantum efficiencies
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(QE) bigger than unity [8], as discussed, demonstrated, and modelled by researchers in
the literature [9-13]. The difference between DC and LDS is the QE achieved by either
process; in LDS, a high-energy photon is cut down to a singular low-energy photon and
losses due to thermalisation [14], and thus QE below unity. One of the earliest uses of LDS
materials to improve solar cells was performed by Hovel et al. in 1979 [15], where plastic
fluorescent materials were implemented for cells with sharp cut-offs in spectral response,
and ruby for cells with more gradual cut-offs; efficiency improvements were measured at
0.5-2%. Several different approaches have been used to introduce LDS material to solar
cells, with the general trend being adding a transparent host layer that houses the LDS
materials on top of the cells. The most used materials were polymethylmethacrylate
(PMMA), clear glass, and ideal plastics. These hosted LDS materials such as organic dyes,
QDs, and organometallic complexes [16,17]. This has been used on c-Si cells [6,14,17],
CdTe [18], GaAs [19], InGaP [20], CIGS [21], DSSC, OPV, PSC [6]. QDs used for the pur-
poses of power conversion efficiency (PCE) improvements can include a variety of com-
monly used QDs for biological and chemical uses, such as: S5i-QDs, CQDs, CdS, CdSe,
CdTe, CulnS:, CuS, PbS, PbSe, CdSe/ZnS, ZnS, InP, InAs, Ag:S, BizSs, SbaSs, CulnSz/ZnS,
[8,19-20,22-25]. Deposition techniques varied and were dependent on the host material.
Simple techniques consisted of spin coating [26,27], dropcasting [28], inkjet printing [29],
plasma-enhanced chemical vapour deposition (PECVD) [30,31], and spin-on-glass [32].

The focus of this paper is the use of silicon quantum dots (Si-QDs) for the increase
the power conversion efficiency (PCE) of pc-Si solar cells by luminescent downshifting.
Previous works that have employed Si-QDs to enhance the performance of Si solar cells
are summarised in Table 1.

Table 1. Overview of Si-QDs used on Si solar cells and enhancements achieved by previous studies.

Average . LDS Layer
Cell Type Size ofgSi- Aerc Aem (nm) Surface Coating  Alsc (%) APCE (%) Thicanss Ref.
(nm) Method Increase Increase
QDs (nm) (nm)
Spin-coating in 3.7% (fresh coat)
pc-Si (commercial) ~3 325 660 ~2.3% 1.3% (after 11 days) ~120 [27]
IPA
1.5% (after 41 days)
sc-Si (commercial) 300 Spin-coating, 0.4% (actual)
6.4 400 680 SOG (spin-on- ~1.3% 1.2% (modelled at 130 [32]
500 glass) 100% DSE)
pc-Si (commercial) [;] 370 773 nkiet ;:n?emy' N/A 2% 74 [29]
3—4 nm: 795
¢-Si solar cell 2-10 N/A  6-8nm:865  Spin-coating N/A 12% 50-300 [33]
9-10 nm: 905
a-Si 2.85 365 628 Spin-coating 11.42% N/A 2-7 [34]
328 (at Aexc = 17% (at 254, .
: 254 nm) 365 nm) ~62% (at 254, 365 nm) .
- 410 (at Aexc = 4% (at 550-650 <3% (at 550-650 nm)
pc-Si (BP Solarex 254 365 nm) Dropeast in IPA nm) 28]
Si) 365 5% (at 254, 365  ~67% (at 254 nm)
285 630 (at Aexc = nm)
254, 365 nm) <5% (at 550~ 7.5-13.5% (at 550-650

650 nm) nm)

These reported increases in the short circuit current (Isc) of c-Si solar cells in the range of
1.3% to 4%. A high increase in the Isc of 17% under UV light and 4% under visible light in the
range of 550-650 nm was reported with the use of Si-QDs of 1 nm size by Stupca et al. (2007),
while a power increase between 7.5-13.5% in the aforementioned visible range was reported
which was dominated by a substantial increase in the open circuit voltage (Vo) [28]. A



Electronics 2022, 11, 2433

3 of 13

reduction in surface reflectance was reported as a factor in increasing the Isc of Si solar cells,
observed in wavelength ranges of 300-500 nm and 640-1100 nm achieved through the use of
Si-QDs [29], with reductions up to 4% [33].

The current study follows from previous works of one of the authors in [35-37] on phe-
nylacetylene-capped silicon quantum dots (PA Si-QDs) and explores their potential applica-
tion in pc-Si solar cells for performance enhancement through luminescent downshifting.

The specific use and novelty of PA 5i-QDs for LDS applications rely on the properties
of these QDs, which can be produced in substantial quantities using bottom-up methods
mentioned in Section 2. Another benefit is the stable thermal diffusivity of these QDs
which can help in stabilising solar cells thermally in addition to its LDS effects [35]. To the
authors' knowledge, there is so far no study in the literature addressing the use of PA Si-
QDs as an LDS layer. The paper emphasises the usefulness of the LDS properties of the
PA Si-QDs in enhancing the Isc of pc-Si solar cells.

2. Experimental Procedure
2.1. Preparation of PA Si-QDs

The PA-capped Si-QDs were synthesised according to the methods reported in [35-37].
An amount of 1 g sodium (Na) and 4.2 g naphthalene were sonicated in 70 mL tetrahydrofuran
(THE) for 2 h. This was then added to a dispersion of 1 mL silicon chloride in 200 mL tetrahy-
drofuran resulting in a brown suspension. To that is added a previously stirred (30 min) 20
mL THF solution of 2 mL PA, and 4.8 mL of n-butyllithium which was added to the THF/PA
solution carefully by small drops. The PA/n-butyllithium THF solution was then carefully
added to the Na/naphthalene THF solution and left to reflux for 8 h at a suitable temperature.
The mixture was then washed using Di-water and diethyl ether; the solution was added to a
separating funnel and allowed to rest for separation. This was repeated several times. The
diethyl ether part was then reduced and dried on a rotavapor at 50°C until a dry orange/brown
powder was formed. The product is PA-capped Si-QDs. The reported mean diameter is 6 nm,
with a standard deviation of 1 nm [37]. The FT-IR, TEM, NMR, and XPS measurements of the
PA Si-QDs are provided in previous studies by one of the authors in [35-37].

2.2. Sample Preparation

In this study, 39 mm x 39 mm commercial pc-Si solar cells were used and characterised
before and after deposition of the PA Si-QDs which was performed by dropcasting. Sample
Q1 was prepared by dropcasting 0.15 mg of PA Si-QDs dissolved in 1 mL Dichloromethane
(DCM) volatile and fast-drying solvent, while sample Q2 was prepared by dropcasting 0.01
mg of PA Si-QDs dissolved in 1 mL DCM. The DCM completely evaporates in less than 5 min
leaving a uniform layer; the samples were kept on a flat surface to ensure no skewness is pre-
sent.

2.3. Electrical and Optical Characterisation

The samples were characterised before and after freshly coated with PA Si-QDs. I-V
characterisation was performed using ABET Technologies’ model 11002 SunLite Solar
Simulator (USA) and KEITHLEY Tektronix 2450 SourceMeter (UK) with the sample on a
temperature-controlled vacuum chuck, under standard test conditions (STC); 1000 W/m?
simulated solar irradiance at AM1.5, cell temperature 25 °C. A blue bandpass filter
SCHOTT BG42 was also used in some of the experiments to examine performance mainly
in the blue-green region.

Three control samples without any coating, used for reference purposes, R1, R2, and R3
were also characterised. The samples were also encapsulated using ethylene-vinyl acetate
(EVA) film, a 3.2 mm Pilkington Optiwhite [38] low-iron extra clear float glass on top, and
Tedlar backsheet. The encapsulation was carried out with the use of a hot air gun at 180 °C.
The total device dimensions measured 50 mm x 50 mm.
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Optical measurements involved diffuse and specular reflectance, using Ocean HDX
Spectrometer with optical fibre and Halogen Light Source HL-2000-FHSA, diffuse and
specular reflectance standards. Liquid sample fluorescence measurement was carried out
using Edinburgh Instruments’ FS5 Spectrofluorometer; PA Si-QDs dissolved in DCM. Flu-
orescence microscopy was carried out using ZEISS Axio Scope.Al at 10x zoom, using Ex-
celitas Technologies” X-Cite 120Q spectral excitation light source with multiple peaks at
335, 370, 410, 440, 550, and 580 nm.

3. Results and Analysis
3.1. Optical Measurements

Photoluminescence (PL) readings measured on an FS5 spectrofluorometer for a lig-
uid sample of PA Si-QDs dissolved in host DCM are shown in Figure 1. The main two
peaks shown are at 447 nm and 506 nm, where the sample was excited at 365 nm. The
fluorescence microscopy of the coated sample is presented in Figure 2, showing the ex-
pected PL of the PA Si-QDs with cyan 506 nm colour in agreement with the measured PL
readings of the liquid sample. The sample was excited with X-Cite 120 Q spectral excita-
tion light source from 300-740 nm with peaks at 335, 370, 410, 440, 550, and 580 nm.

Due to the nature of bottom-up chemical synthesis of these PA Si-QDs, the resulting
product varies in size. The reported size range is 3-8 nm with an average size of 6 nm,
[37]. The introduction of PA ligand as a form of passivation to the Si-QDs introduces in-
direct bandgaps that can alter the expected photoluminescence wavelength, thus shifting
to shorter wavelengths [39].
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Figure 1. PL spectrum of liquid PA Si-QDs dissolved in DCM measured on FS5 spectrofluorometer.

Figure 2. Fluorescence microscopy of two poly-Si solar cells; on the left, the fluorescence image of
the bare cell, and on the right the fluorescence image of the coated sample with PA Si-QDs; in the
middle is the image of the bare pc-Si solar cell the double circles pointing to the region of x10 fluo-
rescence microscopy. The arrows indicate the position of a silver finger.
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The diffuse and specular reflectance of a bare and coated pc-Si cell with PA Si-QDs, sam-
ple Q2, is shown in Figure 3. The PA Si-QD coating led to a reduction in reflectance in the
wavelength ranges between 340480 nm and 700-920 nm with a small only increase in the
range between 500-700 nm. Specifically, a reduction of up to 61.8% in specular reflectance is
observed at 377 nm, and of 44.4% in diffuse reflectance at the same wavelength. Antireflection
properties can be explained by the porosity of the PA Si-QDs films as they get deposited and
dried onto the surface of the solar cell. It has been reported in the literature a dominant de-
crease in reflectance of 18.75% between 300-400 nm when using Si-QDs on pc-Si solar cells
[29]. Similarly, it was also reported that a reduction of 8.5% in reflectance was observed at 360
370 nm [34]. The observed reflectance agrees with the reported literature. Dealing with pc-Si
solar cells which naturally possess a V-shaped rough surface, it was reported in the literature,
that the removal/reduction of the Vs on the surface of a pc-5i cell reduces the reflection of the
cells [40]. This can be possible reasoning as to why the deposition of PA Si-QDs caused a no-
ticeable reduction in reflection.

a5
45" Bare cell
s — — —45" Coated with PA Si0Ds
— — —0" Coated with PA SiQDs
——0" Bare
%1
g
0]
a
c
@
o
[if}
k3
o
-~ - ___/’f’—-;
S i S
0 . . i S— — — T
400 500 600 700 800 900

Wavelength [nm]

Figure 3. Diffuse and specular reflectance measured at 45° and 0°, respectively, for the bare and PA
Si-QD coated pc-Si solar cell sample Q2.

3.2. Electrical Characterisation

The electrical parameters extracted from the I-V characteristics for the two samples Q1
and Q2 before and after the deposition of PA Si-QDs are displayed in Table 2. Both samples
showed an increase in the Isc of 0.75% for Q1 and 1.06% for the Q2 sample. There is a negligible
effect of the coating on Voc in Q1. The Voc in Q2, although slightly increased, lies within the
range of the standard deviation as discussed in Section 4. The increase in Pm for the Q2 sample
of 0.51% is attributed to the increase in the current. The I-V characteristics for the Q1 and Q2
samples before and after coating are displayed in Figure 4.

Table 2. Electrical parameters of samples Q1 and Q2 before and after coating with PA Si-QDs.

Samples Pilri‘:;:is Bare Solar Cell (;::tseg S]l)t:l % Increase
Isc (A) 0.531 0.535 0.75
Q1 Pm (W) 0.224 0.224 0.00
Voc (V) 0.603 0.603 0.00
Isc (A) 0.472 0.477 1.06
Q2 Pm (W) 0.193 0.194 0.51

Voc (V) 0.582 0.583 0.17
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Figure 4. I-V characteristic of Q1 and Q2 samples before (bare cell) and after coated with PA Si-QDs.

The coated Q2 sample was further encapsulated with EVA within the glass on top
and the Tedlar backsheet and its electrical characteristics before (bare cell) and after coat-
ing and encapsulation are shown in Table 3. A significant increase in the Isc of 11.86% and
the Pm of 11.39% is observed mainly attributed to the increase in the current and the effect

of encapsulation. The I-V characteristic of the bare and encapsulated sample is shown in
Figure 5.

Table 3. Electrical parameters of Q2 sample before coating (bare cell) and after coating with PA Si-
QDs and encapsulation.

2 Coated and
Electrical Parameters Q2 Bare Sample Q2 Coated an % Increase
Encapsulated
Isc (A) 0.472 0.528 11.86
Pm (W) 0.193 0.215 11.39
Voc (V) 0.582 0.586 0.69
06 — — —R1: Bare cell
— + —R1: Encapsulated
e _‘-_-_-025Elarer.ell
G L \:“ \%‘. Q2: Encapsulated
0.4 \* 3
\ '_" \
\
Zoaf '.1 \\
1\
1
0.2 i \
W ‘
01 1 #l
Wl
A I I S 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Vvl

Figure 5. I-V characteristic of coated Q2 sample (with PA Si-QDs) and reference R1 sample before
(bare cell) and after encapsulation.
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To investigate the effect of encapsulation three separate solar cell samples used as
reference were characterised before and after encapsulation. The results of the electrical
parameters are shown in Table 4. The encapsulation led to an increase between 8.26-8.58%
in the Isc; the large increase is due to the combination of internal back reflections at the
interface with the glass and its high optical characteristics, and a similar increase of up to
8.7% in Pm. The I-V characteristic of the R1 sample is shown in Figure 5. In comparison,
the Q2 sample coated with PA Si-QDs and encapsulated exhibits about 3.4% higher in-
crease in the Isc and about 4.1% in the Pm compared to the increase in performance ob-
served with encapsulation in the reference samples. This includes the 1% increase in the
Isc due to the PA Si-QD coating, while the rest is further enhancement due to the optical
coupling as a result of the encapsulation.

Table 4. Electrical parameters of three reference samples before and after encapsulation.

Reference Cell  Electrical Average Values % Increase
Sample Parameters Bare cell Encapsulated
Isc (A) 0.533 0.577 8.26
R1 Pm (W) 0.240 0.253 5.42
Voc (V) 0.616 0.619 0.49
Isc (A) 0.548 0.595 8.58
R2 Pm (W) 0.229 0.249 8.73
Voc (V) 0.612 0.614 0.33
Isc (A) 0.543 0.589 8.47
R3 Pm (W) 0.243 0.262 7.81
Voc (V) 0.620 0.622 0.32

In a further experiment, the incident simulated solar light was passed through a
bandpass filter SCHOTT BG42, to examine the performance mainly in the blue-green re-
gion. The increase in the Isc for the encapsulated Q2 sample coated with PA Si-QDs
reached 13.68% in comparison to the performance of the bare cell, as shown in Table 5,
which may be explained by the higher internal back reflection at the interface with the
glass which is more pronounced at these wavelengths. For comparison, the corresponding
increase for the reference R1 encapsulated sample reached 11.57% in the blue-green re-
gion. The higher performance of the reference cell in this region compared to that under
the unfiltered simulated solar light is attributed to the effect of encapsulation with higher
internal reflections at blue wavelengths. The I-V characteristics for the bare and encapsu-
lated coated Q2 sample and reference R1 sample for simulated solar light passing through
the blue filter are presented in Figure 6.

Table 5. Electrical parameters of Q2 sample before coating (bare cell) and after coating and encap-
sulation, compared to reference sample R1 before and after encapsulation. The incident simulated
solar light was reduced by a blue filter SCHOTT BG42.

Electrical Parame-

Sample - Bare Cell Encapsulated Cell % Increase
Q2 Isc (A) 0.117 0.133 13.68
Pm (W) 0.044 0.051 15.91
Voc (V) 0.524 0.527 0.57
R1 Isc (A) 0.121 0.135 11.57
Pm (W) 0.051 0.055 7.84

Voc (V) 0.574 0.570 -0.70
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Figure 6. I-V characteristic for coated Q2 sample (with PA Si-QDs) and reference R1 sample with

incident simulated solar light passing through a blue bandpass filter. The before coating (bare cell)
and after encapsulation (and coating for Q2) curves are displayed.

The difference in the increase in Isc between the coated samples is due to the reduc-
tion in the porosity of the PA Si-QDs films created. It was reported by Pi et al. (2012) that
the increase in thickness of Si-QDs film from 16 nm to 74 nm has decreased the porosity
from 84% to 69% [29]. The estimated thicknesses of deposited layers on the Q2 sample
(0.01 mg) and the Q1 sample (0.15 mg) are 2.02 nm and 30.27 nm, respectively. This cor-
relates with an increased reflectance and shading, thus a reduction in expected improve-
ment by depositing higher thickness layers of PA Si-QDs on pc-Si solar cells. The layer
thickness was estimated based on the uniformly deposited mass of PA Si-QDs times the
density of PA and Si over the solar cell area.

The experimental results obtained for the increase In Isc, 1.06% for sample Q2 and
0.75% for sample Q1, are in agreement with similar increases reported in the literature of
1.3% [32] and 2.3% [27] in Isc for the use of Si-QDs to enhance the PCE of Si solar cells.

The significant increase in the performance of the encapsulated pc-Si solar cell may
be attributed primarily to the improved optical combination that occurs as a result of elim-
inating air gaps and increased internal reflections. Mohan et al. (2020) have tested the im-
provements in encapsulation introduced to Si solar cells; interpreted from the graphes, it
was shown that a drop of 55.5% in reflectance was observed at 300 nm. It was also shown
that EQE was improved by 14.5% from 300 nm to 1000 nm [40].

4. Degradation and Reproducibility

A follow-up I-V characterisation of the encapsulated sample Q2 has been carried out

74 and 91 days after the first measurement to check on the stability of the sample over
time, as shown in Figure 7.
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Figure 7. I-V characteristic for encapsulated and PA Si-QDs coated Q2 sample carried 74- and 91-
days post encapsulation (overlapping).

A small drop in the Isc of the encapsulated Q2 sample was recorded 74 and 91 days after
the initial characterisation of the fresh sample. The electrical parameter values shown in Table
6 are average values of the measurements repeated three times. The standard deviation of the
measurements is further shown in Table 7. While the accuracy of the I, V measurement with
the KEITHLEY SMU lies in the fourth decimal place, the overall accuracy of the measurement
considering the temporal stability of the light source (Class ABA), positioning, temperature
control, and controlled environmental conditions, lies in the third decimal place, as shown in
Table 7 with standard deviation 0.002. The values of Isc, Voc, and Pm shown in Table 6, cor-
responding to the three dates, do not differ essentially and lie within the standard deviation
error domain, as shown in Table 7, which indicates that any reduction in performance is neg-
ligible and that the encapsulated sample has not essentially degraded within the period of 3
months. On the contrary, considering the standard deviation values for the original measure-
ment of sample Q2, it is clear that the increase in performance is significant and outside the
uncertainty range, and so the finding is secure.

Table 6. Electrical parameters of encapsulated and PA Si-QDs coated Q2 sample from characterisa-
tion carried out 74 and 91 days apart.

lerjl;tr;::is 08 April 2022 ?ii:yzso 2220 % Increase o da;r;;27 July % Increase
Isc (A) 0.528 0.527 -0.19 0.527 -0.19
Pm (W) 0.215 0.215 0.00 0.214 -0.47
Voc (V) 0.586 0.587 0.17 0.585 -0.17

Table 7. Standard deviation (STD) of Isc, Pm, and Voc for Q2 sample after coating with PA Si-QDs
and encapsulation.

Date 08 April 2022 74 days: 20 June 2022 91 days: 7 July 2022
STD of Isc (A) 0.002 0.003 0.002
STD of Pm (W) 0.002 0.003 0.002
STD of Voc (V) 0.002 0.002 0.002

The minimal drop in the Isc after 74 and 91 days showcases the importance of encap-
sulation when using air-sensitive QDs such as the PA SiQDs as isolation from air pre-
serves the LDS sample. On the other hand, the timed exposure to air between deposition
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and encapsulation may initiate an oxidation process that is only measurable months after
the initial measurements. Further work is needed to study the effects of the degradation
of the PA Si-QDs, which can be carried out by a TGA (thermogravimetric analysis) anal-
ysis, which can be modified to quantify oxidation.

To further test the reproducibility of the results, a new sample Q3 has been created,
similarly to Q2, 85 days later, dropcasted with 0.01 mg of the PA Si-QD initially fabricated.
The I-V characteristic for sample Q3 before and after being coated with PA Si-QDs is
shown in Figure 8 and the electrical parameters extracted are shown in Table 8.

0.6} --~-—Q3: Bare cell
Q3: Coated with PA-SiQDs

0.4}
=03}
0.2}

0.1}

0 01 02 03 04 05 06
VIV]

Figure 8. I-V characteristic Q3 sample before (bare cell) and after coated with PA Si-QDs.

Table 8. Electrical parameters of Q3 sample before coating (bare cell) and after coating with PA Si-
QDs 85 days later.

. Q3 Coated with PA Si- o
Electrical Parameters Q3 Bare Sample QDs 85 Days Later %o Increase
Isc (A) 0.509 0.512 0.59
Pm (W) 0.212 0211 -0.47
Voc (V) 0.602 0.600 -0.33

The dropcasting of PA Si-QDs onto sample Q3, 85 days later, led to an increase of
0.59% in the Isc. The smaller increase of 0.59% in the Isc of sample Q3 compared to the
1.06% for sample Q2 indicates a degradation of the fabricated sample of PA Si-QDs. This
suggests the importance of fresh deposition and encapsulation of the sample. On the other
hand, the increase in the Isc in sample Q3 is a good representation of the reproducibility
of the use of PA Si-QDs to enhance the performance of pc-Si solar cells.

5. Discussion

The significant drop in reflection at 377 nm (Figure 3) may be partly due to Rayleigh
Scattering which is maximised in the UV range, especially if the QDs are smaller than 1/10
of the incident wavelength [41]; 37.7 nm in this case, where the average reported size of
the PA Si-QDs is 6 nm [37], thus acting as an antireflective layer.

A blue bandpass filter, SCHOTT BG42, was used for an extra set of I-V characterisation.
Its transmittance is 40% at 350 nm, and 65% at 405 nm, this renders a transmittance of less than
60% for 377 nm. It maximises at 514 nm with transmittance reaching 88% [42]. Table 9 shows
the Isc for the Q2 sample before and after coating with PA Si-QDs when the incident light was
passed through the bandpass filter. The standard deviation of the measurements in this case,
under filtered light, is much smaller than that under the full simulated solar light and lies in
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the fourth decimal place, as shown in Table 9. The relative increase in the Isc after coating with
PA Si-QDs is 1.2% with uncertainty estimated at +0.4%.

Table 9. Electrical parameters of Q2 sample before coating (bare cell) and after coating with PA Si-
QDs. The incident simulated solar light was reduced by a blue bandpass filter SCHOTT BG42.

Electrical Coated with o
Sample Parameters Bare Cell PA Si-QDs % Increase
Q2 Isc (A) 0.1168 0.1182 1.2
STD of Isc (A) 0.0001 0.0005

As the filter blocks >40% of the light at wavelength 377 nm and 18% at the highest
permissible wavelength of 514 nm, it would be expected that the increase in the Isc would
drop significantly below 1.06%, which was at the full solar light exposure. Nevertheless,
an increase of 1.2% in the Isc is measured, which further proves the LDS behaviour of the
PA Si-QDs, where UV and near-UV light is downshifted to higher wavelengths.

pc-Si solar cells possess low EQEs in the UV region of the solar spectrum; with EQE
dropping below 60% [43,44]. The low spectral response in the region below 400 nm indi-
cates that the reduction in reflectance around 377 nm cannot be of much benefit to the
solar cell itself thus a measurable increase in the Isc due to antireflection alone may not be
well supported to defend that the phenomenon is due to backscattering only. This indi-
cates that the downshifting effects carried out by the PA Si-QDs are associated with the
reduction in the reflection at 377 nm. With EQEs passing 90% past the 400 nm mark, down-
shifting to 447 nm and 506 nm is the main reason for the increase in the Isc.

6. Conclusions

This study outlined the use of PA Si-QDs as a downshifting material for the increase in
the performance of pc-5i solar cells. The increase in the performance of the cells is explained
by the LDS properties of the PA Si-QDs with photoluminescence at 447 nm and 506 nm when
excited at 365 nm, as well as their anti-reflective properties as shown by the reduction in re-
flectance, measured at 61.8% in specular reflectance and 44.4% in diffuse reflectance at 377 nm.

The I-V characterisation of the Q1 (0.15 mg PA Si-QD) and Q2 (0.01 mg PA Si-QD)
samples before and after coating with PA Si-QDs showed an average increase in Isc by
0.75% and 1.06%, respectively. Further increase in performance was observed for the fully
encapsulated sample reaching a total increase in Isc higher by 3.4% and in Pm higher by
4.1% when compared to the increase in performance observed with encapsulation in the
reference samples. This shows that the effect of optical coupling with encapsulation of the
sample in the case of coated PA Si-QD solar cells increased the Isc further by about 2.2%.

The benefit of using PA Si-QDs as an LDS material over other Si-QDs and QDs in the
literature resides in the capping ligand PA (phenylacetylene), it allows the core Si to have
properties similar to that of bulk Si, yet have higher electrical conductivity compared to
Si-QDs due to the overlap of these ligands as shown in [36,37]. One more benefit of capped
S5i-QDs is the prolonged shelf life compared to non-capped Si-QDs due to lower rates of
oxidation as the valence electrons are occupied by the capping material. Overall, the prep-
aration of PA Si-QD samples is straight forward and there is potential, as shown in this
study, in their use for increasing the performance of pc-Si solar cells.
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